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Abstract 
The high temperature geothermal fluids from the Yangbajing geothermal field, Tibet, have been used for electricity 
generation. The geothermal wastewater generated by the Yangbajing power plants, with arsenic (As) concentrations 
up to 3.18 mg/L, was drained immediately into the Zangbo River, which markedly increased the arsenic 
concentration of river water downstream from the wastewater discharges. However, along the flow direction of the 
river, arsenic concentrations in water declined sharply. Further inspection shows that the concentrations of weakly-
bound As, strongly-adsorbed As, and total As in riverbed sediment were also affected by the drainage of geothermal 
wastewater, indicating that the sediment may serve as a sink for arsenic from the geothermal source. After arsenic 
from geothermal wastewater entered the Zangbo River, the adsorption of arsenic on riverbed sediment lowers the 
arsenic concentrations in the river water, reducing the health threat of arsenic to local residents using the river as a 
drinking water source. 
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1. Introduction 
As a worldwide environmental issue, arsenic (As) enrichment is of great concern to the international 
community because of the chronic effects of arsenic poisoning on people who are exposed to high 
concentrations. Skin, cardiovascular, neurological, hematological, renal, and respiratory diseases can be 
induced by arsenic poisoning. More seriously, some cancers, such as lung, bladder, liver, kidney, and 
prostate cancers may also result from exposure to arsenic [1]. In view of the severe health hazards of 
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environmental arsenic, the World Health Organization (WHO) changed the upper limit of As 
concentration in drinking water to 0.01 mg/L in the middle 1990s [2]. 
In recent years, arsenic from geothermal water systems attracted more and more attention. The arsenic 
concentrations in geothermal fluid are usually high, especially for those high-temperature geothermal 
systems with magma as heat source. Thus, geothermal spring discharge or geothermal wastewater 
drainage may not only be one of the major sources for arsenic in environment, but also an extremely 
serious menace to human health. There are many high-temperature geothermal systems in western China 
where the geothermal waters with high arsenic concentrations occur. However, there have been so far no 
systematic studies in China that focus on the migration, transformation and enrichment of environmental 
arsenic of geothermal source. Therefore, in this study, the Yangbajing geothermal field, one of the most 
famous fields in Tibet of western China, was chosen as the study area to discuss the environmental impact 
of the high arsenic geothermal water. The As-enriched geothermal wastewater generated by the 
Yangbajing power plants was directly discharged into the Zangbo River, the major surface water at 
Yangbajing, posing a threat to water quality downstream. 
2. Materials and Methods 
Fifteen riverbed sediment samples were collected in the study area with the sampling locations 
presented in Fig. 1. In the locations where sediment samples R2-07, R3-07, R10-07, and R9-07 were 
collected, river water was also sampled for As analysis. Two water samples from the wastewater 
discharges from the first and second power plants were collected as well (see GP1 and GP2 in Fig. 1). 
Determinations of As in all water samples were made using Atomic Fluorescence Spectrometry (AFS) 
(Type AF-610). The total As, weakly bound As, and strongly adsorbed As in all sediment samples were 
extracted by a sequential chemical extraction procedure recommended by Keon et al. [3]. After the 
extraction, the arsenic concentrations of different extracting solutions were also determined using AFS, 
based on which the concentrations of weakly bound As, strongly adsorbed As, and total As in sediment 
samples were calculated. 
3. Results and Discussion 
According to our measurements, the geothermal wastewaters drained by the first and second power 
plants have arsenic concentrations up to 2.68 and 3.18 mg/L, respectively. Under the effect of wastewater 
drainage, the arsenic concentration of the Zangbo River water at the nearest downstream of the 
wastewater discharge from the first power plant (the sampling location of R3-07) are up to 0.20 mg/L, far 
more than that (0.01 mg/L) at the upstream of the discharge (the sampling location of R2-07). However, 
the arsenic concentrations of the river waters decline sharply in the downstream and are 0.07 and 0.06 
mg/L at the sampling locations of R9-07 and R10-07, respectively, indicating that there may exist a 
migration of arsenic from river waters to riverbed sediments. Furthermore, according to our field 
estimates, there are several clean tributaries whose dilution was contributing to the loss of arsenic in 
Zangbo River waters. However, the total flow volume of these tributaries are far less than that of Zangbo 
River, so their dilution is absolutely not the only factor causing the arsenic concentration decline in 
Zangbo river (from 0.20 mg/L to 0.07 mg/L). In other words, the adsorption of riverbed sediments is also 
a non-negligible factor. To confirm this possibility, the variations of weakly bound As, strongly adsorbed 
As, and total As in the riverbed sediments are discussed below. 
Based on the statistical results, the concentrations of weakly bound As in all riverbed sediment 
samples range from 0.03 to 12.4 ppm, with the average value of 2.43 ppm, and those of strongly adsorbed 
As are between 0.68 and 111.9 ppm, the average value being 29.7 ppm. Correspondingly, the maximum, 
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minimum and average concentrations of total As in all sediments are 187.5, 2.65, and 52.5 ppm, 
respectively. There should be some other arsenic species in the sediment samples in addition to weakly 
bound As and strongly adsorbed As (such as As coprecipitated with amorphous Fe oxyhydroxides), since 
the total As concentration of each sample is evidently larger than the sum of weakly bound As and 
strongly adsorbed As. We calculated the ratio of the sum of weakly bound As and strongly adsorbed As to 
total As, the results being between 26.8 % and 84.3 % (the average ratio is 58.6 %). The interpretation is 
that the observed arsenic in sediments is mainly from geothermal wastewater source taking account that 
weakly bound As and strongly adsorbed As in riverbed sediments come totally from adsorption of arsenic 
from river waters. 
To delineate the variations of weakly bound As, strongly adsorbed As, and total As in the riverbed 
sediments of the Zangbo River, the concentrations of these arsenic species in the samples collected along 
the flow direction of the river in 2007 were plotted in Fig. 2. It can be seen clearly from Fig. 2 that the 
samples R2-07 located upstream of the wastewater discharge from the first power plant have low 
concentrations of weakly bound As, strongly adsorbed As, and total As, indicating that it is free from 
contamination induced by the power plant wastewaters. By contrast, the concentrations of arsenic species 
in the sample R3-07 collected at the nearest downstream of the wastewater discharge are markedly higher 
than those of the sample R2-07, showing the evident effect of geothermal wastewater drainage on 
riverbed sediments. In other words, the wastewaters from the first geothermal power plant with high 
arsenic concentration (up to 2.68 mg/L) are drained immediately into the Zangbo River, increasing the 
arsenic concentration in river waters, which in turn accelerates the adsorption of arsenic on riverbed 
sediments. Similarly, it can be seen that the samples R5-07 and R7-07 collected from two streams where 
the geothermal wastewaters from the second power plant are drained, have very high concentrations of 
weakly bound As, strongly adsorbed As, and total As, which means that there has been evident migration 
of arsenic from wastewaters to stream waters and then to streambed sediments. Under the mixing effect of 
these two streams that serve as the wastewater drainage channels of the second power plant, the samples 
R6-07 and R8-07, located just at the confluences between the Zangbo River and these two channels, also 
have comparatively higher concentrations of weakly bound As, strongly adsorbed As, and total As, 
compared with those samples collected at the downstream of them. Also, sample R1-07 has 
comparatively higher arsenic concentrations than R2-07, meaning that there may be other arsenic sources 
for this sample. According to our field investigation, there are some low-temperature warm springs 
upstream of the Zangbo River. Although we did not sample these warm springs because of limited field 
working time, they are hypothesized to be the source of arsenic in the sediment sample R1-07. 
Five riverbed sediment samples collected along the Zangbo River in 2006 were also plotted in Fig. 2. 
It is worth noting that the concentrations of weakly bound As, strongly adsorbed As, and total As in most 
samples of 2006 match well with the curves in Fig. 2 delineating the variations of arsenic species in the 
samples of 2007. However, the concentrations of weakly bound As, strongly adsorbed As, and total As in 
the sample R7-06 are evidently higher than those in R3-07, although these two samples were collected 
almost in the same site. During our field investigations, it was observed that the rainfall in the study area 
in August of 2007 is much higher than that in June of 2006, and as a result, the runoff of the Zangbo 
River during our second sampling is also higher than that during the first sampling. Therefore, the larger 
runoff may result in the desorption of weakly bound As and strongly adsorbed As from riverbed 
sediments, which in turn lowers the concentrations of arsenic species in riverbed sediments at the nearest 
downstream of the wastewater discharge of the first power plant. 
In conclusion, the riverbed sediments of the Zangbo River can be regarded as one of the sinks of 
arsenic discharged from geothermal wastewaters. The migration of arsenic from river waters to riverbed 
sediments can facilitate the decrease of arsenic concentration in the Zangbo River waters, which is 
favorable for reducing the threat of arsenic in the river waters on the health of local residents. 
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Fig. 2. Variations of weakly bound As, strongly 
adsorbed As, and total As in all sediment samples. 
Legends: ▲, samples collected along the Zangbo 
River in 2007; ●, samples collected in the two 
wastewater drainage channels of the second 
geothermal power plant in 2007; □, samples 
collected along the Zangbo River in 2006. 
Fig. 1. Simplified map of the study area and 
sampling locations. GP1 and GP2 represent the 
first and the second Yangbajing geothermal power 
plants, respectively. The figures on the map 
indicate the elevations of the area. 
